Introduction
[2] The Peru-Chile Margin plays a role of global climatic and biogeochemical importance. The equatorward Peru (Humboldt) Current merges to the north with equatorial upwelling to form the eastern equatorial Pacific cold tongue. The latter feature provides the instability to drive atmospheric-oceanic oscillations of the ENSO system and their global teleconnections, and may also, on longer timescales, explain the persistence of Northern Hemisphere glaciations over the course of the Plio-Pleistocene ice ages [Huybers and Molnar, 2007] . The Peru Current is driven by along-shore winds, which are deflected offshore by the Coriolis effect, forcing cold, nutrient-rich thermocline waters to upwell to the surface. Primary production exceeds 200 gC m À2 yr
À1
, making the Peru Coastal Current the most productive of all eastern boundary currents [Berger et al., 1987] . The physical and biogeochemical properties of the waters upwelled off Peru are highly sensitive to changes in the position of the intertropical convergence zone (ITCZ) and the strength of Walker circulation [Strub et al., 1998; Lavin et al., 2006] . In the subsurface, waters at 200 to 800 meters depth are depleted in oxygen through a combination of high respiration rates driven by upwellinginduced surface productivity, and poor ventilation. Microbial denitrification under these oxygen-depleted conditions represents the major loss of nitrate from the global ocean [Wyrtki, 1973; Codispoti and Christensen, 1985] . All of these aspects of the eastern tropical Pacific (ETP) oscillate strongly on the ENSO timescale (4 -7 years), the primary mode of interannual variability [Philander, 1983] deduced from instrumental records.
[3] Here, we seek to determine whether the long-term climate trends across the Holocene (last 11,000 yrs) and the centennial-millennial-scale climate variability within the Holocene followed tropical insolation forcing, which can produce long-term changes in ETP oceanography through changes in the frequency and intensity of ENSO [Clement et al., 1999 [Clement et al., , 2000 Cane, 2005] . The backdrop for this time period includes the final meltback of Northern Hemisphere ice sheets by about 8,000 yrs BP [Clark et al., 1999] and nearly constant atmospheric CO 2 levels [Indermühle et al., 1999] . Earth's orbital configurations have, however, changed significantly enough over the Holocene to force changes in ETP climate. Changes in orbital precession could modulate ENSO frequency and intensity in at least two ways over the course of the Holocene. Precession controls the summer-winter heating contrast in the tropics, an aspect fundamental to the underlying tendency of the tropical atmosphere-ocean instability to generate ENSO events [Cane, 1998 [Cane, , 2005 Fedorov and Philander, 2001] and also changes the intensity of seasonality between the hemispheres [Kutzbach et al., 1998 ]. Precessional variations should also have induced a gradual drift in the position of the ITCZ from its most northerly extent in the early Holocene to a more equatorial location today, a prediction born out of paleoclimatic reconstructions [Haug et al., 2001] . It is also possible, however, that remote forcing might dominate ETP conditions, perhaps through variations in the subduction and ventilation of Sub-Antarctic source waters that ultimately flow into the equatorial Pacific thermocline [Toggweiler et al., 1991] or through the interaction of the Asian monsoon with Pacific trade winds [Liu et al., 2000] .
[4] An outstanding question is whether climate change in the eastern tropical Pacific over the Holocene follows modes of variability observed during the instrumental period. Clement et al. [1999] argue that Milankovitch forcing alters the atmospheric-ocean interactions of the tropical Pacific on timescales of centuries to millennia through changes in the seasonal forcing of the ENSO cycle. The two most important aspects of this hypothesis for our study are 1) the tendency for alterations in solar radiation to produce long-term (hundreds to thousands of years) SST anomalies analogous to those associated with El Niño and La Niña events and 2) the prediction that ENSO variability can alter the state of the tropical Pacific on timescales longer than the typical ENSO period itself (e.g., >4 -7 years). Multiple paleoclimate reconstructions from the tropical Pacific support the prediction that ENSO-like variability can 'scale up' to centennial and millennial climate changes. In the western Pacific, Stott et al. [2002] demonstrate that salinity anomalies between stadial and interstadial periods were similar to El Niño/La Niña-like changes of today's climate but occurred on time scales of centuries to thousands of years. In the ETP, Koutavas et al. [2002] find evidence for a reduction in Walker circulation during the LGM followed by enhanced Walker circulation in the early and middle Holocene. The authors link this long-term shift in ETP SST to a multi-millennial El Niño/La Niña-like pattern. Continental climate reconstructions of rainfall events recorded in an Ecuadorian lake are interpreted to reflect millennial-scale (2 ka) fluctuations in ENSO strength, a pattern that is superimposed on a gradual increase in El Niño strength across the Holocene [Moy et al., 2002] . Each of these climate reconstructions demonstrates that ENSO-like variability can produce coherent climate fluctuations at centennial to millennial time scales in the tropical Pacific.
[5] We reconstruct surface and subsurface climate parameters from the heart of the modern ENSO system using the first high-deposition rate (70 cm/kyr), uninterrupted Holocene sediment archive ever recovered from the PeruChile Margin. This remarkable sediment core has a nearly constant sedimentation rate and contains annual laminations. While our sampling resolution ($12 yr) is extremely high for marine environments, we note that our records are not sampled at the resolution required to reveal individual El Niño or La Niña events. The variables we reconstruct are, however, highly correlated to ENSO in the modern system. At present, El Niño events are characterized by increases in SST, reductions in primary productivity and increases in subsurface oxygen (and the opposite pattern for La Niña events). If ENSO-like variability persisted into centennialmillennial time scales across the Holocene we would expect, by analogy, to see the same proxy relationships that characterize interannual ENSO variability 'scaled up' over longer time periods. Our records indicate that an abrupt increase in Peru Margin climate variability took place at the mid-Holocene ($5 ka), which is only in part consistent with ENSO-like climate patterns. Despite this increase in climate variability, we see no evidence for a change in mean oceanographic conditions at the Peru-Chile Margin, as might be expected if increased ENSO variability was the major determinant of tropical Pacific oceanography over the past 10,000 years.
Site Location
[6] Although the high productivity of the Peru-Chile Margin promotes high deposition rates, and the suboxic bottom water conditions inhibit sediment mixing by benthic organisms, nearly all sediment cores recovered from this region suffer from major gaps in Holocene sedimentation [Reinhardt et al., 2002] (see auxiliary material for further discussion of Peru chronology).
1 Here, we present data obtained from a $6 meter piston core collected from the mid-Peruvian shelf at a water depth of $250 meters ( Figure S1 ) in the heart of the oxygen minimum zone (OMZ) [Codispoti and Christensen, 1985] that provides the first uninterrupted archive of conditions from $10 ka to 1.5 ka. As constrained by eight AMS 14 C dates, the core accumulated at a high and nearly constant rate ($70 cm/kyr, Figure S2 ) and contains annually laminated couplets of diatomaceous and non-diatomaceous layers ( Figure S3 ).
Methods
[7] We analyzed the core for geochemical parameters that define the key environmental variables of SST (U k 0 37 index [Prahl et al., 1988; Müller et al., 1998 ]), phytoplankton productivity (Alkenone-C 37 total [Budziak et al., 2000] and biogenic silica [Honjo et al., 1982] ) and subsurface ventilation (d 15 N of bulk organics [Libes and Deuser, 1988; Altabet et al., 1995] ). The core was sampled at $12 year time steps (every 1 cm) for alkenones and biogenic silica; the thickness of each sample (0.5 cm) results in an integrated picture of 6 -7 years. Samples were freeze-dried and homogenized. Alkenones were extracted using 0.8-0.9g of sediment in a Dionex 200 accelerated solvent extractor and analyzed by gas chromatography, using a modified method of Herbert et al. [1998] . Laboratory analytical error, 0.2°C, is calculated based on a composite sediment standard, which is extracted and analyzed every 3 months. We also report an error that is specific to this study of 0.08°C based on replicate GC analyses of individual PC-2 sample extracts (10% of samples were duplicated). Alkenone concentrations (C 37 di-and triunsaturated ketone mass/grams of dry sediment = ''C 37 total'') as a fraction of sediment dry weight are calculated by normalizing C 37 total to an internal standard (C 37 and C 36 alkanes). C 37 total provides a qualitative estimate of haptophyte production, which is closely linked to total phytoplankton productivity [Brassell, 1993; Budziak et al., 2000] . Biogenic silica was determined using a modified method from Mortlock et al. [1989] . Analytical error for %BSi ± 3%, is calculated based on sample duplicates (20% of samples were duplicated). Nitrogen isotopes (d 15 N) were sampled at $24 year time steps and measured on bulk sediments following the procedure established by Altabet et al. [1995] . Particulate nitrogen was converted into N 2 using a CN analyzer attached to an isotope-ratio mass spectrometer using He as the carrier gas. d 
Results
[8] While the core is missing the most recent millennium, the average SST and SST range in the late Holocene section of the core (19.5 to 22°C, Figure 1a) is consistent with modern conditions [Reynolds et al., 2007] . Large centennialscale variability has been observed at nearby sites on the Peru Margin over the last two millennia [Agnihotri et al., 2008; Gutiérrez et al., 2008] . The extended Holocene record presented here, however, shows a striking change in variability in each proxy record near 5 ka, such that late Holocene climate is characterized by significantly more variability than the early Holocene (see Figure 1a) . SST displays the most dramatic increase in variance, averaging 0.25 s 2 in the early Holocene (10 -5 ka) to 0.5 s 2 in the late Holocene (5 -1.4 ka). This change in variability took place without a significant change in the mean values of the proxies before and after 5 ka: for example, mean SST, averaged over 4 kyr windows before and after the increase in variance changed by 0.06°C, below our analytical error. The onset of this shift in variance was not synchronous between proxies (SST and d 15 N lead C 37 total and biogenic silica: Figures 1 and S4 ) but occurred between 5.4 and 4.6 ka. The high amplitude events present in the latter half of the record are defined by multiple data points and clearly represent sustained (50 -200 year) swings in time-averaged conditions ( Figure 1b ). There is a weak correlation (r = À0.35) between SST and C 37 total (productivity proxy) in the late Holocene, consistent in sign with an ENSO-like pattern: El Niño events are characterized by high SST, low productivity and increased subsurface oxygen (decreased d 15 N), and the opposite case is true for La Niña events (see Table S1 ). Laminations are more common in the late Holocene section of the core but also occur in the early Holocene when d 15 N is high (above 7%). The correlation between d 15 N and %BSi is consistent with an ENSO pattern in the late Holocene (r = 0.29) but opposite in sign during the early Holocene (Table S1 ). The productivity proxies therefore argue that the local carbon flux was weakly tied to subsurface oxygenation in the late Holocene, and not linked to the strength of the OMZ in the early Holocene.
Discussion and Conclusions
[9] Our results provide the first direct confirmation that conditions on the Peru-Chile Margin became more variable in the late Holocene. Moy et al. [2002] interpret the increase in pulses of terrigenous material in an Ecuadorian lake as evidence for increased El Niño-related rainfall events across the Holocene. Along the equator, stronger east -west gradients may have prevailed in the early Holocene and weakened toward the present [Koutavas et al., 2006] . A stronger SST gradient during the early-mid Holocene presumably accompanied stronger Walker circulation, and suppressed El Niño strength. Koutavas et al. [2006] also demonstrated that the variability in the range of temperatures recorded by oxygen isotopes of individual planktonic foraminifera in the eastern equatorial Pacific increased in the late Holocene, as would be expected if the extremes of the ENSO cycle intensified toward the present. While our record is consistent with other climate reconstructions showing a more variable ETP in the late Holocene, we emphasize the importance of the abrupt onset of climate variability evident in our climate reconstruction (Figure 1 ). The 'ramping up' in variability occurs between 5.4 and 4.6 ka ( Figure S4 ), significantly faster than the gradual increase in variability found in other climate reconstructions from ENSO sensitive regions [e.g., Moy et al., 2002; Koutavas et al., 2006; Conroy et al., 2008] . Mechanistically, an abrupt change in climate variability may be linked to an alteration in the position of the ITCZ. Until the ITCZ migrated south of its early Holocene position the Bjerknes feedback between SST and wind strength was incomplete and anomalies were insufficient to generate strong ENSO events. Pulling convergence off of the equator is a requirement in the completion of the Bjerknes feedback loop [Cane, 2005] . A gradual shift in the position of the ITCZ could therefore produce an abrupt response in climate. Interestingly, this abrupt increase in variability is not synchronous between proxy records; the productivity proxies (C 37 total and Biogenic Silica) lag SST and d 15 N by $400 yrs. This lag suggests that the mid-Holocene climate forcing of the Peru-Chile Margin is more complex than a gradual shift in the position of the ITCZ alone and may additionally require a mechanism that influenced surface and subsurface proxies at different rates. Paleo- temperature reconstructions from the Chilean margin, at the southern extension of the Peru-Chile Current (41°S) show strong coherence with temperature changes in the Ross Sea, which are attributed to latitudinal shifts in the position of the Antarctic Circumpolar Current [Lamy et al., 2002] while fluctuations in paleoproductivity, rain fall and wind strength are better correlated with changes in tropical forcing through intensification of Hadley cell circulation [Lamy et al., 2001] . The lag between paleoproductivity and SST and d
15
N may also represent the competing influences of high and low latitude forcing, where productivity is strongly tied to local wind strength and d
N and SST are influenced by both local climate and the climate of the high latitudes where source waters of the tropical thermocline originate [Strub et al., 1998 ].
[10] We also examine our record in light of two related questions: to what degree does the evolution of environmental variables at the centennial to millennial time scale within the Holocene represent ''scaled-up'' ENSO variations, and to what degree do the geological records resemble climate model simulations that attempt to capture the evolution of the tropical Pacific over the Holocene? It is intriguing to observe that, while all proxies increase their variability near 5 ka, the expected associations of high SST, low productivity, and depressed d 15 N that should accompany El Niño states (and the opposite case for La Niña conditions) do not persist into the centennial-millennial scale of our records. Many climate reconstructions [e.g., Tudhope et al., 2001; Koutavas et al., 2002; Stott et al., 2002; Moy et al., 2002; Cobb et al., 2003] and model predictions [e.g., Clement et al., 1999; Philander and Fedorov, 2003] have found evidence for ENSO-like patterns on centennialmillennial time scales. But our records suggest that the centennial fluctuations during the late Holocene in the PeruChile Margin do not show consistent ENSO-like variability. Instead the late Holocene section of our record fluctuates between ENSO-like and non-ENSO-like climate patterns. We also note that the late Holocene centennial fluctuations in our SST record (2°C) are substantially larger than previous reconstructions of Holocene climate. We suggest that the sediment archive hints at processes important to ETP oceanography that may not be observed or simulated at the ENSO timescale. Contrary to tropics-only model simulations [Clement et al., 1999 [Clement et al., , 2000 , the orbital changes of the Holocene did not produce changes in the mean SST of this region, although they may have promoted changes in variance. The decoupling of SST, carbon flux (productivity) and subsurface ventilation that we observe, particularly in the early Holocene, instead hints at the importance of climatic processes originating remotely, for example, changes in the source of the equatorial undercurrent waters that enter the Peru-Chile thermocline, or in the circulation of the south Pacific gyre, which could influence the thermocline density structure and ventilation of the OMZ over time [Toggweiler et al., 1991; Strub et al., 1998; Lamy et al., 2002] . The importance of gyre scale processes is indicated by, among other observations, the lack of a positive relationship between local indicators of high productivity and the expected consequence of low oxygen (high d 15 N) conditions. Instead, the d 15 N record indicates that the OMZ was strongest when surface productivity was lowest (Figure 1) . It would appear that on centennial to millennial timescales, the ventilation of the OMZ by remote processes dominates over the oxygen demand imposed by regional productivity to determine the intensity of oxygen depletion and nitrate removal along the Peru-Chile Margin. We also note that the expected Holocene southward migration of the ITCZ did not change the mean SST or biological productivity along the Peru-Chile Margin. Early to mid Holocene SSTs did not cool, as expected in some climate models [Clement et al., 1999 [Clement et al., , 2000 although it is possible that coastal SSTs could have followed a different pattern from the heart of the equatorial cold tongue [Liu et al., 2000] . In the aggregate, our paleoclimatic data argue for the necessity of including extra-tropical processes into investigations of tropical Pacific climate variability, and raise unanswered questions as to the relationship of centennial changes in the mean state of the eastern Pacific to the frequency and intensity of ENSO events.
